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poly(acrylic acid) plays a double role as a phase separation inducer and as a co-constituent with nickel 
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Utilizing a facile sol-gel reaction accompanied by phase separation, rigid monolithic nickel 
hydroxide-based   xerogels   and   nickel/carbon   composites   with   hierarchical   porosity   have   been 
successfully fabricated.    In the synthetic route starting from nickel chloride as a nickel precursor, 
trimethylene oxide acts  as  a gelation  initiator  to  increase pH in  a reaction  solution. In  addition, 




xerogels possess well-defined macropores evidenced by microscopy observation and mercury 
porosimetry.   Subsequent heat-treatment in air led to the crystallization of NiO at 300 ºC, while 
calcination under argon flow brought about the formation of nickel/carbon (Ni/C) composites with 
hierarchical pores and large specific surface area at temperatures higher than 300 ºC.    This is the first 
report on the preparation of rigid monolithic xerogels and metal/carbon composite with well-defined 
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1. Introduction 





Nickel oxides, including those with non-stoichiometry, NiO1+ , are technologically important 
compounds  utilized  as  semiconductors,  gas  sensors,  and  catalyst  supports  owing  to  their  specific 
chemical properties [1-3].    For the better tuning of their properties, it is essential to control morphology, 
particle size, crystallinity, and surface area as well as the electronic defects [4,5].    On the other hand, 
metal/carbon  composite  materials  are  widely  used  as  catalysts,  electrodes,  and  hydrogen  storage 
materials [6-10]. Numerous works have been so far performed on nickel hydroxide-based materials 
aiming at a precise control over morphology, such as particles, nanorods or whiskers, and thin films 
 
 
[11-19]. For  example,  porous  nickel  oxide  exhibits  high  electrochemical  capacitive  performance 
 
 
because it is enhanced by the material’s nanostructure such as high specific surface area and fast redox 
 
 
reactions [20]. Only a few researches, however, have been carried out to prepare porous materials in a 
 
 
“monolithic” form. Among various synthetic strategies to obtain porous monolithic materials, a sol-gel 
 
 
approach  accompanied  by  phase  separation  is  one  of  the  well-established  routes  [21].    Materials 
obtained by this technique have been utilized for catalysts and separation media (monolithic columns for 
high-performance liquid chromatography (HPLC)) since they have both well-defined macropores in the 
micrometer range which act as a pathway for the mobile phase, and meso/micropores to provide large 
 
 
surface  areas  where  the  external  molecules  will  efficiently  interact  [22,23]. The  sol-gel  reaction 
networks. On the other hand, the synthetic route using metal salts as a precursor has been actively 





explored especially during this decade, where epoxide plays a central role in inducing homogeneous 
 
 
gelation. Organic cyclic ethers such as propylene oxide act as a gelation initiator to induce a moderate 
 
 
increase in pH of aqueous solution containing hydrated metal cations [24]. The facile and versatile 
 
 
process  for obtaining monolithic gels  from  metal  salts  has  proven  to  be effective in  an  extended 
 
 
materials composition including oxides of transition and main group metals [25]. Recently, this unique 
sol-gel method has been combined with the above-mentioned phase-separation technique to produce 
co-continuous  macroporous  monolithic  gels  composed  of  tri-,  di-,  and  mono-valent  metal  cations 
 
 
[26-29]. In the reaction using organic cyclic ethers, it is known that the acidity of metal cation (M
X+
) 
estimated by its valence (X) dominates the gelation behavior. The rate of polycondensation, that of 
network formation, and precipitation kinetics are all governed by the rate of pH change in the solution, 
 
 
where the reactivity of metal salts toward hydrolysis decreases in the order of X = 4 > 3 > 2 [25]. 
Therefore, it is not easy to obtain monolithic gels based on the smaller valence metal cation than those 
with  tri- or tetra-valence because of the increasing difficulty in  promoting homogeneous  gelation. 
There have been effectively no reports on fabricating porous divalent monolithic oxide gels except the 
 
 
case of fragile aerogels [31,32]. Synthesis of the divalent metal oxides requires precise controls over 
the gelation process; for example, concentrations of solvents, gelation initiator, and additives should be 
the preparation of rigid monolithic nickel hydroxide-based xerogels and metal nickel/carbon composites 





with controlled macroporous morphology from nickel chloride hexahydrate (NiCl2•6H2O) as a nickel 
source.   Here trimethylene oxide, TMO, is used as a gelation initiator to promote moderate gelation 
parallel  to  phase  separation  to  form  monolithic  gels  with  homogeneous  structure.    In  addition, 
poly(acrylic acid)    acts both as the phase separation inducer and as the network-forming constituent 
 
 
that supports the gel network to produce monolithic rigid gels with co-continuous skeletons [33].   We 
investigated the effects of starting compositions and heat-treatment conditions on gelation, morphology, 
and crystalline phases.   To the best of our knowledge, the present research is the first report on the 












Nickel chloride hexahydrate (NiCl2•6H2O, Sigma-Aldrich, 99 %), glycerol (C3H8O3, Kishida 
Chemicals,  99.8  %),  and  distilled  water  were  used  as  starting  materials  to  synthesize  nickel 
hydroxide-based monolithic gels.    In addition, we used poly(acrylic acid) (PAA, Sigma-Aldrich, 35 
wt% in H2O, average molecular weight of 100,000) as a phase separation inducer as well as a network 
99 %) as  a gelation initiator, 2-propanol  (IPA, Kishida Chemicals,  >99 %) as  a washing solvent, 








The sample ID is named as Ni-w-x-y-z, where w, x, y, and z indicate either T or P (gelation 
 
 
initiator added, TMO or PO), total volume of water (in mL), volume of glycerol (in mL), and weight of 
 
 
PAA (solution, in gram), respectively.    In a typical sample (Ni-T-1.35-0.2-1.0), 0.535 g of NiCl2•6H2O 
and 1.0 g of PAA were dissolved in 0.7 mL of distilled water and 0.2 mL of glycerol under an ambient 
condition, and then 0.44 mL of TMO was added to the solution at 30 ºC.    After stirring the solution for 
1 min, the glass tube was degassed by ultrasonication for 10 s.    Samples with varied amounts of water 
 
 
(x), glycerol (y), PAA (z), or the gelation initiator (T or P) were synthesized; since PAA is 35 wt% in 
 
 
water, total volume of water is arranged to the fixed amount at 1.35 mL when the weight of PAA is 
 
 
changed.    The solutions thus prepared were kept in a sealed container at 60 ºC for gelation.    The wet 
gels were aged at 60 ºC for 48 h, and immersed in IPA at 60 ºC for 24 h for two times, then dried by 
evaporation at 40 ºC.   The dried samples were then heat-treated up to 1000 ºC for 4 h with a heating 
rate of 5 ºC min
-1 









Microstructural morphology was observed by a scanning electron microscope (SEM) (JSM-6060, 
(Thermo plus EVO TG 8120, Rigaku Corp., Japan) was performed at a heating rate of 5 ºC min
-1
 





supplying air or Argon at a rate of 100 mL min
-1  
from room temperature to 1000 ºC on 1.0-1.5 mg of 
ground samples in both conditions.    Chemical bonding information was obtained by Fourier transform 
infrared  absorption  (FT-IR)  (IR  Affinity-1,  Shimadzu  Corp.,  Japan)  using  the  KBr  method;  each 
spectrum was collected after 100 scans for the wavenumber range 400-4,000 cm
-1  
at a resolution of 2 
cm
-1
.    Raman  spectra  were  measured  by  a  Raman  microscope  (XploRa,  HORIBA,  Ltd.,  Japan). 
Mercury porosimetry (Poremaster 60-GT, Quantachrome Instruments, USA) was used to characterize 
the macropores.    Nanometer-ranged pore structure was analyzed from nitrogen adsorption-desorption 
isotherms (Belsorp mini II, Bel Japan Inc., Japan).    The specific surface area was estimated by the 
Brunauer-Emmett-Teller (BET) method.    X-ray diffraction (XRD) patterns with Cu K  radiation (  = 
 
 






3. Results and Discussion 
 
 
3.1. Xerogels: Effect of Starting Compositions on Morphologies 
 
 
The relationship between starting composition and obtained materials’ morphologies is summarized 
 
 
in Table 1. In a sol-gel synthesis to produce monolithic porous materials, the choice of solvent is an 
varied concentration of solvents are shown in Figure 1. With decrease the relative amount of water (x) 





compared to that of glycerol (y), morphology changed from particle aggregation (Ni-T-1.55-0.0-1.0, 
 
 
Figure  1b)  through  co-continuous  network  (Ni-T-1.35-0.2-1.0,  Figure  1c)  to  fine  porous  structure 
 
 
(Ni-T-0.95-0.6-1.0, Figure 1d). As shown in Figure 1c, well-defined macropores (pore size about 0.70 
m) were formed, whereas there were limited amount of nanometer-sized pores, implying xerogels thus 
obtained possess predominantly macropores (mercury porosimetry results shown in Figure S1). As 
 
 
evidenced in the previous reports [29,30], since the glycerol is partly distributed to the gel phase after 
phase separation, there could be a strong interaction based on hydrogen bonding between the hydroxyl 
groups of glycerol and nickel hydroxide-based condensate, which plays an important role in forming the 
gel network.    While gels with macroporous morphologies shown in SEM images from Figure 1b to 
Figure 1c are obtained in the presence of glycerol, only deformable fragile gels were obtained instead of 
 
 
monolithic rigid ones in the absence of glycerol, as depicted in Table 1.    This fact strongly suggests that 
glycerol acts as a network-forming constituent and mechanically strengthens the gel network containing 
nanocrystals of nickel hydroxide.   On the other hand, the structural transition from Figure 1c to Figure 
1d can be better explained by the suppressed coarsening process of phase-separating domains owing to 
the higher viscosity of the solvent mixture rich in glycerol.   Since the kinetic factor influences the 
development of phase-separating domains, the difference in viscosity affected the coarsening of the 
Thus, the use of glycerol is a key factor here to form homogeneous gel network as well as monolithic 





rigid gels by simultaneously controlling the sol-gel reaction and phase separation. 
 
 
The SEM images of samples prepared with varied amount of PAA (z) are shown in Figure 2. 
 
 
Gelation  did  not  occur  in  the  absence  of  PAA (Ni-P-1.35-0.2-0.0),  whereas  the  addition  of  PAA 
 
 
produced monolithic rigid gels and gelation time (shown inset) increased with the amount of PAA. 
 
 
Macroporous morphologies changed from fragmented network composed of particles (z < 1.0, Figure 
 
 
2a-d) through smooth co-continuous skeletons (Ni-T-1.35-0.2-1.0, Figure 2e) to non-porous matrix in 
 
 
the micrometer scale (Ni-T-1.35-0.2-1.2, Figure 2f). To our experience so far, additives containing a 
 
 
functional group such as carboxyl or amide group play important roles in precisely controlling macro- 
 
 
and micro-morphology via liquid-phase synthesis [27,29,34,35]. Analysis by FT-IR for the typical 
 
 
as-dried sample indicates that PAA is preferentially distributed to the gel phase, as represented in Figure 
 
 
S2 [36].   Poly(acrylic acid) also interacts with nickel hydroxide-based condensate through hydrogen 
bonding  between  carboxyl  group  and  hydroxyl  group.    Thus,  the  obtained  gel  networks  consist 
essentially of  nickel  hydroxide-based  condensate,  glycerol,  and  PAA.    Since  the  addition  of  PAA 
induced gelation, PAA acts as a gelation agent, which also behaves as a network-forming constituent to 
organize co-continuous skeletons.    The morphological change shown in Figure 2 is explained by the 
relative  volume  ratio  of  “network-forming  constituents”  to  the  solvent  phase;  as  amount  of  PAA 
continuous one, as depicted in Table 1. 





In a sol-gel method using a proton scavenger, the degree of pH increase is one of the important 
factors in synthesizing homogeneous gels with controlled structure. In particular, the difference in the 
reactivity of the proton scavenger used leads to the changes in morphology, porous properties, and 
 
 
crystallinity  [37]. When  we  prepared  a  sample  using  the  same  amount  of  PO  instead  of  TMO 
 
 
(Ni-P-1.35-0.2-1.0), monolithic gels were obtained in about 15 min, which is faster than the case using 
 
 
TMO (Ni-T-1.35-0.2-1.0, about 5 h), whereas porous structure of xerogels was inhomogeneous (shown 
in Figure S3). In general, it is known that metal cation (M
X+
) acts as an acid to promote the hydrolysis 
and condensation, and the tendency to form homogeneous gels decreases in the order of X = 4 > 3 > 2 
 
 
when  a  proton  scavenger  is  used  as  a  gelation  initiator  [25]. Since the  valence  of  metal  cation 
influences  the  gel  formation  kinetics,  quick  gelation  observed  in  the sample  using  PO  led  to  the 
formation  of  inhomogeneous  structure  due  to  its  much  higher  reactivity  and  resultant  higher 
 
 
supersaturation than the case of TMO [37].    In the present study, it is essential for preparing xerogels 
with homogeneous micrometer-ranged morphology to choose the appropriate proton scavenger, which 





3.2. Heat-Treatment under Air and Argon: Crystallization and Hierarchically Pores 
shows SEM images of samples after heating under air at 200 ºC and 300 ºC, and Figure 3b represents 





XRD patterns of them.    While the continuous macroporous structures were retained even after the 
heat-treatment, the monoliths were cracked into small pieces.    As shown in Figure 3b, there were no 
identifiable diffraction peaks below 200 ºC indicating an amorphous state, however, peaks ascribed to 
nickel oxide (NiO), which is the most stable oxide phase, appeared at 300 ºC.    The TG-DTA curves 
obtained under air are shown in Figure S4 as solid lines, where weight loss and two exothermic peaks 
from 300 ºC to 400 ºC were observed.    These peaks indicate that the pyrolysis of PAA within the 
skeleton and crystallization into nickel oxide occur in the temperature range, which agrees with the XRD 
results in Figure 3b.    A heat treatment under air on as-dried xerogel samples composed of amorphous 
hydroxide-based condensate containing organic species induces the crystallization into stable oxide 
phase accompanied by the pyrolysis of organic species, which causes a considerable volume shrinkage 
 
 
resulting in the collapse of monolithic and co-continuous structures [29].    Since pyrolysis of organic 
species in xerogels led to the morphological changes, detailed information on the macropore structure 
could not be obtained. 
On the other hand, heat-treatment under argon flow gave different features; Figure 4a shows SEM 
images of the samples heated under argon at 400 ºC and 1000 ºC, while Figure 4b represents mercury 
porosimetry results.    It is found from Figure 4 that both co-continuous structures and monolithic forms 
0.70 m for as-dried sample to ~0.43 m for heat-treated ones with increasing heating temperature, as 





shown in Figure 4b.    Evolutions of XRD patterns of the samples heat-treated under argon are depicted 
in Figure 5a.    The heat treatment above 300 ºC brought about strong peaks attributed to metallic nickel, 
and the crystallinity increased at higher temperatures.    Their respective crystallite diameters estimated 
by the Scherrer’s equation at 2  = 44.5º were: 5.8 nm at 300 ºC, 7.5 nm at 400 ºC, 13 nm at 600 ºC, 35 
nm at 800 ºC, and 46.1 nm at 1000 ºC.   Considering the above discussion that organic species 
cooperatively compose the gel network, the heat-treatment under an inert gas flow formed carbon 
derived from the organic species that are homogeneously distributed within the gel skeletons.    The 
finely dispersed carbon thus formed is able to work as a reductant; “carbothermal reduction” takes place 
 
 
to form fully reduced crystalline phase, metallic nickel [38]. Since the carbon from organic species 
 
 
generates a strong reducing atmosphere [29,30,38], nickel hydroxide-based xerogel were reduced to the 
metal phase.    The TG-DTA curves performed under an argon flow condition are represented in Figure 
S4 as dashed lines.    Unlike that examined under air flow, two-step weight losses around 400 ºC and 
between 400 ºC and 1000 ºC were observed; the first originates from the crystallization into metallic Ni, 
and the second could be explained by the gradual pyrolysis of carbon.    The presence of carbon in the 





and at ~1,600 cm
-1 
were found that are ascribed to defected carbons (D band) and graphitic carbons (G 
in Figure 5a, it is concluded that obtained samples are nickel/carbon (Ni/C) “composites” instead of 





carbides.    The carbon contents of the Ni/C composites were evaluated by TG curves for Ni/C samples 
under an air flow, as shown in Figure S5.    The weight loss around 400 ºC-600 ºC is attributed to the 
pyrolysis of carbon.   Taking the oxidation reaction from metallic nickel to nickel oxide (NiO) by the 
heat-treatment under air into account, the carbon contents of Ni/C samples can be estimated as 
summarized  in  Table  S1.    The  Ni/C  composites  prepared  here  contain  ~50  wt%  carbon,  and  the 
contents slightly decrease with increasing heat-treatment temperature. 
The  nanometer-sized  pore  properties  of  Ni/C  composites  were  investigated  by  nitrogen 
adsorption-desorption analysis in Figure 6.    Nanometer-sized pores are formed as interstices between 
primary particles as well as the result of pyrolysis of carbon within the skeletons, which give high BET 





















at 1000 ºC, respectively.    Revealed from two-step decreases in TG curves under argon 
 
 
flow in Figure S4, a large amount of micropores derived from interstices were produced at the first 
weight loss due to the crystallization into metallic Ni from 300 ºC to 400 ºC, while the amount of pores 
decreased because heat-treatment enlarged crystallite size of metallic nickel to eliminate micropores 
shown in Figure 5a.    Since the heat evolution led to further crystallization to change the size and 
amount of pores, different sized pores were formed through the heat-treatment (shown in Figure S6, the 














Monolithic nickel hydroxide-based xerogels and nickel/carbon (Ni/C) composites with 
hierarchical pores have been successfully prepared by a facile sol-gel technique accompanied by phase 
separation.   Nickel hydroxide-based xerogels that possess well-defined macropores about 0.70 m 
 
 
were characterized to be amorphous by XRD.   Subsequent heat-treatment in air brought about the 
crystallization of NiO with collapse of monolithic form.    On the other hand, heat-treatment under argon 
flow led to the formation of Ni/C composites with well-defined macropores and nanometer-sized pores 
to contribute high specific surface areas without spoiling the monolithic forms.    The facile and versatile 
synthetic route has a potential to be extended to various monolithic inorganic materials, which include 
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Figure captions  
 
 
Figure 1. (a) Appearance of typical xerogel sample, and SEM images of xerogel samples with varied 
 
 







Figure 2. SEM images of xerogel samples with varied amount of PAA added; (a) Ni-T-1.35-0.2-0.2, 
 
 
(b)  Ni-T-1.35-0.2-0.4,  (c)  Ni-T-1.35-0.2-0.6,  (d)  Ni-T-1.35-0.2-0.8,  (e)  Ni-T-1.35-0.2-1.0,  and  (f) 
 
 







Figure 3. (a) SEM images of samples heat-treated under air at (i) 200 ºC and (ii) 300 ºC. (b) 





Figure 4.    (a) SEM images of the samples heat-treated under argon at (i) 400 ºC and (ii) 1000 ºC. 
Inset indicates appearance of the samples.   (b) Mercury porosimetry results of the as-dried xerogel 
sample (open circle, solid line), the sample heat-treated under argon at 400 ºC (open triangle, dashed 





Figure 5.    (a) XRD patterns and (b) Raman spectra of the samples heat-treated under argon at different 






Figure  6. Nitrogen  adsorption-desorption  isotherms  of  the  samples  heat-treated  under  argon  at 
different temperatures; open triangles: 300 ºC, open circles: 400 ºC, closed circles: 600 ºC, open squares: 
800 ºC, and closed squares: 1000 ºC, respectively. 
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Tables: 
 
Table 1. Summary of microstructure and macroscopic appearance of the obtained samples 
Sample ID Microstructure Monolithic Form (Y/N) 
Ni-T-1.55-0.0-1.0 Fragmented skeleton composed of large particle N 
Ni-T-1.35-0.2-1.0 Co-continuous Y 
Ni-T-0.95-0.6-1.0 Fine co-continuous Y 
Ni-T-1.35-0.2-0.0 ― N (No gelation) 
Ni-T-1.35-0.2-0.2 Fragmented skeleton composed of fine particle Y 
Ni-T-1.35-0.2-0.4 Fragmented skeleton composed of fine particle Y 
Ni-T-1.35-0.2-0.6 Fragmented skeleton composed of fine particle Y 
Ni-T-1.35-0.2-0.8 Fragmented skeleton ~ Co-continuous Y 
Ni-T-1.35-0.2-1.2 Non-porous Y 
Ni-P-1.35-0.2-1.0 Inhomogeneous co-continuous Y 
 
Table(s)
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 Figure S1.  (a) The result of mercury porosimetry and (b) the nitrogen adsorption-desorption 
isotherm of a typical xerogel sample (Ni-T-1.35-0.2-1.0).  Inset of (b) indicates pore size 
distribution estimated by the BJH method. 
 
 Figure S2.  FT-IR spectrum of a typical xerogel sample (Ni-T-1.35-0.2-1.0).  Dashed lines indicate 
absorptions by the following bonds; O-H for 3,390 cm
-1




 for 1,566 cm
-1
, 
and CH2 for 2,950 cm
-1







Figure S3.  (a) Appearance and (b) an SEM image of a xerogel sample prepared with PO instead of 
TMO (Ni-P-1.35-0.2-1.0). 
 Figure S4.  TG-DTA curves obtained under air flow (solid lines) and argon flow (dashed lines) for 
typical xerogel sample (Ni-T-1.35-0.2-1.0). 
 Figure S5.  TG curves performed under air flow for the Ni/C composite samples obtained at 
different temperatures; solid line: 400 ºC, dashed line: 600 ºC, dotted line: 800 ºC, and gray line: 
1000 ºC, respectively. 
 
 
Table S1.  Carbon contents of the Ni/C samples estimated from TG curves in Fig. S5. 
Heat-treatment temperature carbon content / wt% 
400 ºC 54 
600 ºC 51 
800 ºC 49 
1000 ºC 46 
 Figure S6.  Pore size distribution estimated by the BJH method from nitrogen 
adsorption-desorption isotherms on the samples heat-treated under argon at different temperatures; 
open triangles: 300 ºC, open circles: 400 ºC, closed circles: 600 ºC, open squares: 800 ºC, and closed 
squares: 1000 ºC, respectively. 
